Theanine (γ-glutamyl-L-ethylamide) is the most abundant non-protein amino acid in tea leaves. In addition to Camellia sinensis, theanine occurs in several plants belonging to the Ericales. Biosynthesis of theanine from glutamic acid and ethylamine by theanine synthetase is present in all organs of tea seedlings, but roots are the major site of theanine biosynthesis in adult tea trees. Theanine is transported from roots to young leaves via the xylem sap. Theanine is hydrolysed to glutamic acid and ethylamine in leaves. Ethylamine produced from theanine is predominantly used for catechin biosynthesis. Concentration of ammonia and light intensity influence the biosynthesis and degradation of theanine, respectively. Biosynthesis, translocation and degradation of theanine and related enzymes and genes are reviewed.
Introduction
Theanine (γ-glutamylethylamide) is a non-protein amino acid discovered in leaves of tea (Camellia sinensis) by Yajiro Sakato in 1949 at the Uji Agriculture Improvement Experimental Station of the Ministry of Agriculture and Forestry in Kyoto, Japan [1, 2] . Theanine is an analogue of glutamine and an analogous compound, γ-glutamylmethylamide (GMA) is also found in tea leaves [3] ( Figure 1 ). Theanine has been extensively studied in relation to food science, because it has a unique taste characteristic of tea known as "umami" [4] . The effects of theanine on human health have recently been investigated. Theanine is known to act as an antagonist against paralysis induced by caffeine, and is also known to be a neurotransmitter in the brain; a relaxation-inducing effect in humans has been proposed [5] . Recently health benefits of theanine were reviewed [6, 7] .
Studies of biosynthesis and metabolism of theanine in tea plants were first carried out by Japanese researchers in the 1960-1970s. Since most of their papers were published in Japanese local journals, they have been overlooked by overseas researchers. In the present review, occurrence, biosynthesis and degradation of theanine in plants are described. It is common to use "mole" in scientific literature and it is the base unit in the International System of Units, but plant breeders and food chemists always express the content of chemical compounds as "percentage" or in "gram" units. Since the units are practically useful for applied fields, both units per dry weight (DW) and fresh weight (FW) are used as shown in the original literature.
Occurrence of theanine and GMA
Since theanine and GMA were discovered in leaves of Camellia sinensis [1, 3] , the occurrence of these compounds has been reported in leaves and roots in several Ericales plants (Table 1) . Konishi et al. [8] reported that theanine and GMA occurred in C. sinensis and C. sasanqua. Nagata and Sakai [9] surveyed the leaves of 23 cultivated Camellia species and detected theanine in five (C. sinensis, C. assamica, C. taliensis, C. irrawadiensis and C. furfuracea). Tsushida and Takeo [10] reported that considerably high concentrations of theanine occurred in shoots, roots, cotyledons of 40-day-old seedlings and dry seeds of C. japonica and C. sasanqua. The levels of theanine in shoots and roots were always higher than those in cotyledons and seeds. For example, shoots of C. japonica and C. sasanqua contained 2.7% and 3.4% DW theanine, respectively. In contrast to this report, no theanine was detected in leaves of adult trees of C. japonica and C. sasanqua [11] . The reason for this discrepancy may be due to the organs used. Theanine was detected in Camellia hybrids, Robiraki (C. japonica x C. sinensis) and Sazancha (C. sasanqua x C. sinensis) [12] .
Recently, Deng et al. [13] surveyed the occurrence of theanine in the leaves of 27 species or varieties of Ericales plants grown at the Koishikawa Botanical Gardens, University of Tokyo, Japan by thinlayer chromatography; the presence of theanine in some species was confirmed by high-performance liquid chromatography. Theanine was present in 21 species or varieties of Camellia, Schima and Eurya. The contents of theanine in spring leaves of S. wallichii, S. mertensiana, E. japonica and E. zigzag were 79, 84, 37 and 91 nmol/g FW, respectively. The levels changed slightly in summer leaves, where they ranged from 30 to 170 nmol/g FW. The major free amino acids in leaves of these four species were glutamic acid, aspartic acid, glutamine, asparagine, alanine and proline and the content of these amino acids was similar to or higher than that of theanine. Accumulation of free amino acids in these plants was generally lower than in C. sinensis. The concentration of theanine in tea plants varies greatly depending upon the growth conditions. For example, theanine content of green tea leaves produced in Shizuoka Prefecture, Japan fluctuated from 0.2% to 2.8% DW [14] . Differences were also found in tea seedlings. For example, Tsushida and Takeo [10] reported that the theanine content is 6.3% (shoots), 10.9% (roots) and 0.6% (cotyledon) of DW in 40-day-old tea seedlings, while, Feldheim et al. [15] showed 4.8% (shoots) and 4.2% (roots) of DW in 45-dayold tea seedlings. This discrepancy may be due to the different growth conditions.
Occurrence of theanine has been investigated in tissue cultures of tea, but the concentration is low. For example, in suspension cultures of tea cells, the major amino acid was glutamine (40-70% of total amino acid), and theanine was either absent or present in only trace amounts [16] . Theanine production by cultured tea always requires 20-40 mM ethylamine, a substrate of its synthesis, in the culture medium [17] [18] [19] [20] .
Although, as yet, there is no report in the scientific literature, a commercial web page claims that Ilex guayusa, an Amazonian tree of the holly genus, contains theanine at 1.3 mg/g DW (http://ja.scribd.com/doc/59140095/Guayusa-Antioxidants-ABC-Labs). Traditionally, local people boil leaves of I. guayusa in water and consume the resulting beverage. In addition to theanine, the leaves contain caffeine (32.8 mg/g DW) and theobromine (0.4 mg/g DW). Investigation of the occurrence of theanine in the plant kingdom is restricted and further studies are necessary to obtain the information on the theanine-producing plants. In fungi, theanine was found in an edible mushroom, Xerocomus badius (= Boletus badius) [21] .
Biosynthesis of theanine and GMA
Theanine is synthesised from glutamic acid and ethylamine, while GMA is produced from glutamic acid and methylamine ( Table 2) . The presence of these reactions was demonstrated by the incorporation of radioactivity from [ 14 C]glutamic acid and [ 14 C]ethylamine into theanine [22, 23] and that from [ 14 C]methylamine into GMA [3] . The operation of theanine biosynthesis was also supported by studies using 15 N-labelled compounds [24] . The enzyme, theanine synthetase, was first demonstrated by Sasaoka et al. [25] in crude extracts from tea seedlings. The synthesis of GMA from glutamic acid and methylamine may be catalysed by the same enzyme ( Table 2 ).
Two routes have been proposed for the production of ethylamine, which is utilized for theanine synthesis. They are the decarboxylation of alanine [26] and amination of acetaldehyde [27] . Takeo [28] reported that the rate of incorporation of radioactivity from [ 14 C]alanine was faster than that from [ 14 C]acetaldehyde in roots of tea seedlings. Subsequently, Takeo [29] found alanine decarboxylase activity in cotyledons and roots of tea seedlings. In tea plants, the alanine decarboxylase pathway seems to be predominant for the synthesis of ethylamine (Table2). Occurrence of ethylamine, glutamic acid and alanine were demonstrated in leaves, stems, cotyledons and roots of tea seedlings [30] .
Theanine synthetase
Activity of theanine synthetase (glutamate-ethylamine ligase) was determined in a homogenate of 11-day-old etiolated tea seedlings from which the cotyledons had been removed [25] . The reaction mixture for the theanine synthetase assay contained [1-14 C]ethylamine, glutamic acid, MgCl 2 , ATP, KCN, creatine phosphate and creatine phosphokinase. The crude tea theanine synthetase preparation was found to be very labile and contained ATP-hydrolyzing enzymes, and, therefore, a creatine phosphatecreatine phosphokinase system was required for the generation of ATP [25] . Theanine synthetase activity was also found in acetone powder extracts of imbibed pea seeds [31] .
Sasaoka et al. [32] obtained much more stable enzyme preparations than the tea homogenate, using fractionation with acetone, ammonium sulfate and Sephadex G-50. The enzyme showed a sharp optimum pH at 7.5. The Km values were 4.6 mM for L-glutamate, 0.31 mM for ethylamine and 0.67 mM for ATP. The Km for ethylamine of tea enzyme was much lower than that of pea enzyme (63 mM) [31] . The reaction required Mg 2+ . The substrate specificity for monoaminodicarboxylic acids suggested that D-glutamic acid, L-α-aminoadipic acid and L-aspartic acid could not serve as effective substitutes for L-glutamic acid. Theanine metabolism Natural Product Communications Vol. 10 (5) 2015 805
The effect of various amines on the activity of tea theanine synthetase has been examined. Although ammonia, hydroxylamine, hydrazine, aliphatic diamines, L-cysteine, L-α-alanine and β-alanine had little or no effect on the activity, ethylamine, and aliphatic monoamines, with the exception of methylamine and ethanolamine, markedly inhibited activity. The mode of inhibition by n-propylamine was competitive with respect to ethylamine (Ki = 0.09 mM). In contrast to the tea enzyme, the theaninesynthesizing activity of the pea seed enzyme was inhibited substantially by low concentrations of ammonia; 77% inhibition was found at 0.5 mM ammonia. Therefore, theanine synthesis by pea enzyme preparations may be ascribed to a non-specific reaction of glutamine synthetase. In contrast, tea theanine synthetase appears to be a specific enzyme for theanine synthesis using ethylamine.
Since Sasaoka et al. [32] reported the activity of native theanine synthetase, only a few publications have been reported on this enzyme. Li et al. [33] determined the activity of theanine synthetase obtained from tea seedlings using capillary electrophoresis with 2,4dinitrofluorobenzene as a derivative reagent, but no information was described on the properties of this enzyme. Attempts to purify the native enzyme to apparent homogeneity have not yet been successful, probably because the enzyme activity is low and labile in tea extracts.
As far as the genes of theanine synthetase are concerned, the Taiyo Kagaku Company has a patent on theanine synthetase genes [34] . Two isoform genes encoding theanine synthetase, TS1 (DD410896) and TS2 (DD410895), have been cloned from the cDNA library of tea. Using semi-quantitative reverse transcription-PCR, the expression of TS1 and TS2 was examined in shoots, roots and cotyledons of young seedlings and mature leaves of tea plants [24] . The amounts of transcripts of TS1 were higher in shoots, roots and mature leaves than in cotyledons. Expression of TS2 was higher in shoots than in other parts. TS1 was expressed equally in shoots and roots, but expression of TS2 in roots was low.
The reaction mechanism of theanine synthesis i.e., ADP-forming ligase reaction is similar to that of glutamine synthetase ( Table 2 ). The nucleotide sequences of TS genes are very similar to those of tea glutamine synthetase (GS) genes. TS1 has an overall 99% homology to GS3 (GenBank accession no. AB117934), and TS2 has 97% homology to GS1 (GenBank accession no. AB115183). The homology between TS1 and TS2 was 83%. Detailed studies on TS1 and TS2 proteins, such as substrate specificity and cellular localization, are necessary to confirm the contribution of these isoforms of theanine synthetase to theanine synthesis in tea plants.
Recently, tea leaf transcriptome was obtained by Wu et al. [35] . They found 20 GS unigenes which may include TS genes, but further confirmation by enzymatic activity remains to be obtained.
Supply of inorganic nitrogen for theanine synthesis
In tea cultivation, nitrogen of theanine in tea trees was derived from either ammonia form-nitrogen (NH 4 -N) or nitrate form-nitrogen (NO 3 -N) supplied as fertilizers. It has been suggested that tea trees prefer ammonium ions as an inorganic nitrogen source for growth [36, 37] . Recently, Yang et al. [38] characterized the uptake and assimilation of NH 4 + and NO 3 by roots of ~2 month old tea seedlings. Uptake of 15 kinetic data can be explained by the higher rate of absorption of NH 4 + by tea roots. Incorporation rates of 15 N from 15 NH 4 + into glutamine, glutamic acid, aspartate, alanine, serine and theanine were higher than those from 15 NO 3 during 50 h incubation time.
Theanine content in tea leaves is strongly dependent upon the concentration of NH 4 -N supplied to roots. The effect of different concentration of NH 4 -N and NO 3 -N on the leaf theanine content was examined at the tea plantation in Makurazaki, Japan [39] . The increase in theanine content was accompanied by an increase in the concentration of NH 4 -N, but not NO 3 -N ( Figure 2A ). Not only absolute amounts of NH 4 -N, but the [NH 4 -N]:[NO 3 -N] ratio also influences the theanine content in leaves. Ishigaki [40] reported that theanine content deceased with a decreasing ratio ( Figure 2B ). Since the commercial price of green tea is almost directly proportional to its theanine content [14] , to obtain theanine-rich, good quality tea leaves, a large amount of NH 4 -N fertilizer must be supplied to the cultivated plants throughout the growth period. However, most of the mineral nitrogen (~90%) in tea fields occurs as nitrate because supplied NH 4 -N is transformed quickly to NO 3 -N by nitrifying bacteria in the acidic soils [36, 41] . Suitable levels of NH 4 -N fertilizer for theanine accumulation in the first flush shoots of tea plants are ~90 kg N/10 acres/year. Above this level, instead of theanine, arginine is gradually accumulated, to such an extent that it is ~3 times higher than theanine at 240 kg N/10 acres/year [42] .
In tea roots, glutamic acid, one of the substrates of theanine synthetase, is synthesised from ammonia by ammonia assimilation. If the roots take up nitrate, nitrate reduction to ammonia is necessary ( Figure 3 ). As shown in other plants [43] , NH 3 is assimilated into glutamic acid via glutamine synthetase (GS) and glutamate synthase (glutamine: 2-oxoglutarate aminotransferase, GOGAT) (steps 3-4 in Figure 3 , Table 2 ) in tea roots. Glutamate dehydrogenase (step 5 in Fig 3, Table 2 ) may also participate in ammonia assimilation in tea roots. Another substrate, ethylamine is produced principally from alanine, which is synthesized from glutamic acid by alanine transaminase (step 6 in Figure 3 , Table 2 ). 
Nitrate reduction in tea plants
Although detailed studies on the enzymes involved in the nitrate reduction have not yet been performed with tea plants, reduction of nitrate to ammonia is achieved by nitrate reductase (NR) and nitrite reductase, as shown in other plants (steps 1-2 in Figure 3 , Table 2 ) [43] . NR activity has often been detected in tea plants. For example, Venkatesan [44] reported the impact of genotype and micronutrient applications on nitrate reductase activity of tea leaves. Tea flush shoots comprising three leaves and a bud were collected from various clones (cultivars) from different experimental fields and analysed for NR activity. Most of the Assam cultivars had higher NR activity than the Chinese cultivars. There was a strong positive correlation between NR activity and the amino acid content of tea shoots. Venkatesan and Ganapathy [45] reported that NR activity was highest in the first leaf followed by the third leaf and feeder (non-woody) roots. Nitrogen and potassium fertilizer increased the NR activity. In contrast, there are no reports on tea nitrite reductase.
Ammonium assimilation in tea plants
In plants, GS which is involved in ammonium assimilation exists as two isoforms; cytosolic form (GS1) and chloroplastic form (GS2). A gene (CsGS) encoding a cytosolic form of GS has been cloned from tea (Table 2 ) and characterised [46] . The isolated cDNA consists of 1,071 nucleotides encoding a polypeptide of 356 amino acids. The recombinant protein purified from Escherichia coli had a molecular mass of 39 kDa. The observed Km for glutamate and ATP was 9 mM and 6 mM, respectively. Transcript analysis in tea bud, the youngest leaf, showed that CsGS gene expression is stimulated in response to abscisic acid, salicylic acid, and hydrogen peroxide, while gibberellic acid (GA 3 ) had no influence on its expression levels. The expression of CsGS was higher in buds of tea shoot than in roots. The activity of native GS was also the highest in the buds and the activity in leaves was always higher than in stem and roots [47] . To our knowledge, tea GOGAT has not been characterised. The GS-GOGAT pathway (Figure 3 , steps 3 and 4) seems to be involved in ammonia assimilation in tea plants. This hypothesis is supported by data obtained in 15 NH 4 -N tracer experiments [38] and the indirect evidence that 5 mM L-methionine-DL-sulfoximne, an inhibitor of GS [48] , reduced the theanine content ~40% in roots and ~25% in leaves of tea seedlings [49] .
Even if the GS-GOGAT pathway is a main route of ammonia assimilation in tea plants, glutamate dehydrogenase (GDH, step 5 in Figure 3 , Table 2 ) may also contribute to the assimilation when a large amount of 15 NH 4 -N is given as a fertilizer. Induction of GDH activity by ammonia has been reported in various plants, including tea roots [50] , since it was discovered in oat leaves [51] , and recent studies using gdh mutants of Arabidopsis thaliana also support the hypothesis of the role of GDH in ammonia-rich conditions [43] .
GDH was partially purified (~10-fold) from rootlets of tea cuttings using DEAE-cellulose chromatography [50] . The GDH preferentially used NADH rather than NADPH. Optimum pH of the glutamic acid formation was ~8.0. Km values for NH 4 + , 2oxoglutarate and NADH were 24 mM, 0.42 mM and 0.042 mM, respectively. The activity of GDH in tea rootlets was decreased ~4fold when tea cuttings were cultured in 7 mM glutamic acid for 5 days; the inhibition was counteracted when the cuttings were transferred to 15 mM (NH 4 ) 2 SO 4 . Thus, induction and repression of GDH may occur in tea roots.
Location of theanine biosynthesis
Concerning the location of theanine biosynthesis in tea trees, Konishi and Kasai [52] reported that 14 CO 2 supplied to leaves of tea trees was incorporated into theanine found in roots. They also found that the 14 CO 2 -derived labelled theanine stored in roots in autumn moved to flash shoot in the following spring [53] . These results suggest that 14 CO 2 is fixed by photosynthesis, and 14 C-photosynthates are translocated via phloem to the roots. 2-Oxoglutarate is formed from 14 C-photosynthates and incorporated into glutamic acid, which is then utilised for theanine synthesis in the root. The 14 C-theanine is stored in the root in winter and translocated to flash shoots in spring. Although the major site of theanine biosynthesis is located in roots in tea trees, theanine biosynthetic activity has been found in all parts of tea seedlings. Deng et al. [24] studied the theanine biosynthesis in the different parts of 4-week-old seedlings. Theanine was synthesised from 15 15 N into theanine in roots was higher than in shoots. Incorporation into theanine was negligible in cotyledons, but theanine synthesis in roots and shoots was reduced in seedlings when the cotyledons were detached. This is probably due to the reduction in energy or carbon supply for amino acid synthesis in such seedlings.
Expression of theanine synthetase genes (TS1 and TS2) was found in all organs of the seedlings, but the transcript level was significantly lower in cotyledons [24] . These results suggest that theanine can be synthesised from glutamic acid and ethylamine derived from alanine in all parts of tea seedlings. However, 15 supplied exogenously to intact seedlings was converted to theanine mainly in roots [24] . Amino acids stored in cotyledons may also be utilised for theanine synthesis in all parts of seedlings. These results suggest that all parts of tea seedlings are able to synthesise theanine from glutamic acid and ethylamine. NH 4 + absorbed exogenously by roots is utilised mainly for theanine in roots; smaller amounts are transported to shoots where it is also used for theanine synthesis.
Deng et al. [30] further investigated the distribution of ethylamine, glutamic acid and alanine, which are utilized in theanine biosynthesis, and theanine in leaves, stems, cotyledons and roots of tea seedlings. Ethylamine and glutamic acid were distributed almost uniformly in all parts of the 6-week-old seedlings (Figure 4) . The content of alanine, a precursor of ethylamine synthesis, was significantly higher in cotyledons and roots than in leaves and stems of the seedlings. Incorporation of radioactivity from [U-14 C]alanine into theanine was higher in roots than in other organs. [1-14 C] Ethylamine was converted to theanine in young and developed leaves, stems, main and lateral roots of 10-week-old tea seedlings; the highest rates of conversion were detected in the main and lateral roots [30] . These results suggest that theanine synthesis takes place preferentially, but not exclusively in roots; substrates and the enzymatic machinery for theanine synthesis are available in all parts of tea seedlings.
In contrast to tea seedlings, theanine is mainly synthesized in roots of adult tea trees, because NH 4 -N and NO 3 -N was taken up by the roots, and the machinery of conversion to theanine was provided in roots. Although amounts are small, theanine can be synthesised from NH 4 -N, which is released from deamination reactions in leaves. Theanine stored in roots is transported to leaves via the xylem sap. Oh et al. [54] found several amino acids, including theanine, in xylem sap of 3-year-old tea cuttings. The amounts of major amino acids expressed as kg DW are as follows: glutamine (350 mg) > theanine (110 mg) > arginine (75 mg) > aspartic acid (56 mg) >glutamic acid (30 mg) > γ-aminobutyric acid (15 mg). They also demonstrated that significant amounts of 15 N-labelled glutamine and theanine are found in the xylem sap when 15 NH 4 -N and 15 NO 3 -N were fed to the roots. Subcellular localization of theanine biosynthesis has not yet been determined. Usually NR is located in cytosol, and nitrite reduction to ammonia is performed in plastids [55] . Ammonium assimilation is carried out in various organelles and the cytosol; there are several isoenzymes and multiple gene families of ammonium assimilation enzymes and distinct cellular and subcellular locations have been reported [55] . Location of theanine synthesis from NH 4 -N in tea plants needs further clarification.
Catabolism of theanine and GMA
Theanine is hydrolysed by theanine hydrolase (theanine amidohydrolase) producing glutamic acid and ethylamine ( Table 2) . GMA is also hydrolysed by the same enzyme yielding glutamic acid and methylamine [56] . These reactions are similar to those catalysed by glutaminase (glutamine amidohydrolase, EC 3.5.1.2). The major site of theanine and GMA catabolism is leaves [53, 57] .
Kito et al. [58] investigated the metabolic fate of [ethyl-14 C]theanine in tea seedlings. To obtain [ethyl-14 C]theanine, tea seedlings were incubated in a medium containing [ 14 C]ethylamine in darkness for a several days. The pre-labelled tea seedlings were then grown in light regimes of 150 and 4,000 lux. Radioactivity was incorporated into the A ring of flavan-3-ols (catechins) in shoots. The conversion of [ethyl-14 C]theanine to catechins was stimulated by light. For example, in the shoots of seedlings grown for 28 days under 4,000 lux, ~90 % of the radioactivity was incorporated into catechins, whereas in those plants grown under 150 lux, the radioactivity in catechin was less than 17%, and ~80% remained in [ 14 C]theanine. [1-14 C]Acetic acid was also incorporated into catechins in tea leaves, but the greater part of the radioactivity was found to be randomly distributed in amino acids, organic acids and other compounds, and light was found to have no effect on the rate of incorporation of the radioactivity into catechins. This suggests the existence of a restricted site of theanine degradation, where the N-methyl carbon of theanine may be converted to the A-ring of catechins, probably by the condensation mechanism via acetyl-CoA. Light may be needed for the degradation of theanine in that site [58] .
Konishi et al. [59] reported that [methyl-14 C]GMA applied to the roots and cotyledons of tea seedlings in light was translocated to shoots and converted almost entirely into caffeine. This conversion was reduced in darkness. They also demonstrated that [ 14 C]GMA and [ 14 C]methylamine applied to tea leaves were incorporated into caffeine. However, current evidence on caffeine biosynthesis indicates that the direct methyl donor of caffeine is S-adenosyl-Lmethionine, but not GMA [60] .
Theanine hydrolase was partially purified from tea leaves up to ~5fold by DEAE-cellulose column chromatography [56] . The active theanine hydrolase fraction also showed glutamine hydrolase activity, but its contamination was partially removed by the purification procedure. Therefore, two distinct enzymes are present. The optimum pH of both theanine-and glutamine hydrolases was 8.5. The theanine hydrolytic activity was inhibited by several amino acids, for example 50% inhibition was caused by 8 mM aspartic acid and 8 mM alanine. The activity was stimulated ~1.7-fold by 0.7 mM malic acid. Theanine hydrolase also hydrolysed GMA. Theanine hydrolase activity in tea leaves increased slightly during the first 10 hours after plucking and then decreased gradually. In contrast, glutaminase activity decreased and almost disappeared 48 hours after plucking. This suggests that theanine hydrolase and glutaminase are different enzymes [56] .
Effect of abiotic stress on theanine metabolism
Theanine metabolism is changed in some abiotic conditions. Up to now, influence of NH 4 -N and NO 3 -N, light, temperature and salt on the amounts of theanine has been reported. As shown above, theanine synthesis in roots is influenced by the absolute amount of nitrogen and the [NH 4 -N]:[NO 3 -N] ratio ( Figure 2B ). This fact was also supported by the experiments using suspension-cultured tea cells [19] . Effect of light intensity on theanine levels in tea leaves were confirmed recently by metabolomic analysis [61] . Shading increased free amino acids including theanine; a 2.4-fold increase in total free amino acids and theanine was found by shading treatment [61] . In contrast, accumulation of flavonoids in leaves was reduced by shading. Increase in free protein amino acids in leaves may be caused by degradation of protein induced by leaf senescence [62] . In contrast, increased theanine content appeared to be caused by the reduction of theanine degradation and further conversion to catechins, because light is necessary for these reactions [57, 58] .
In addition to theanine degradation, Deng et al. [63] claimed that the stimulation of theanine synthesis in shoots and roots of tea seedlings is involved in theanine accumulation induced by shading treatments. They investigated the changes in the amount of theanine synthetase protein, using a polyclonal antibody, up to 22 days of a shading treatment. The amount of theanine synthetase protein increased 1.7-fold in shoots and 1.4-fold in roots compared with pre-shade levels. The results are interesting, but further detailed 808 Natural Product Communications Vol. 10 (5) 2015 Ashihara studies are necessary to accept this hypothesis, because they did not show the results of non-shading controls at days 1-22. The effect of illumination on theanine accumulation was examined in tea tissue cultures by Matsuura and Kakuda [18] . Light-treatment (3,000 lux, 16 h) reduced the theanine content from 1.2 mg to 0.8 mg/g DW. The transformation activity of ethylamine to theanine was ~50% reduced by light. The results may suggest that decrease in theanine accumulation by light is dependent upon the decrease in theanine synthesis from ethylamine.
Zhang et al. investigated the effect of temperature under shading on metabolites in tea using metabolomic analysis [64] . Lower temperature affected the accumulation of flavonoids, but little effect was observed in amino acid accumulation. Effect of temperature (10-35ºC) on the accumulation in tea callus was reported by Matsuura and Kakuda [18] . The results indicated that the optimum temperature for theanine accumulation was 25ºC. They speculated that temperature strongly affected theanine synthetase activity, since an adequate amount of glutamic acid, a substrate of theanine synthesis, was present at the lower temperature.
The effect of salt stress on theanine accumulation in tea seedlings was investigated by Deng et al. [65] . The theanine content increased ~2-fold during an 8 day treatment with 150 mM NaCl, which was accompanied by ~2-fold increase in theanine synthetase protein.
This report suggests induction of theanine synthetase is caused by salt. Further experiments, including measurements of TS gene expression and the activity of theanine synthetase and proper control experiments without salt are necessary to confirm the hypothesis. This report suggests that theanine acts as a compatible solute like proline and glycine betaine, which is synthesized as an osmoregulator when plants are subjected to drought or salt-stress.
Function of theanine in planta
Theanine synthesis from NH 4 + appears to function in the detoxification of ammonia. It is well-known that NH 4 + at mM concentrations causes growth suppression and chlorosis in plants [66, 67] . Plants convert excess NH 4 + taken up by roots to the nontoxic theanine. In tea plants, theanine accumulation is initially accompanied by increased concentration of NH 4 -N, but arginine is formed if a higher concentration is supplied [42] . Therefore, theanine and arginine are detoxification products of ammonia. Theanine stored in roots is transported to new shoots in spring and utilised for the new compounds, such as amino acids and catechins [57, 58] ; thus theanine acts as the storage compound in tea plants.
Theanine is readily translocated. The velocity of translocation of [ 14 C]theanine from tea stem to new shoots was ~5 times higher than that of [ 14 C]glutamine [68] .
Theanine biosynthesis in microorganisms
Since L-theanine is a FDA-approved food supplement and a popular additive to health drinks, the demand for L-theanine has increased recently. However, chemically synthesized theanine is often not accepted as a food additive as it is a racemic mixture of L-and Dforms [69] . Bacterial enzymes that are able to transfer a γ-glutamyl moiety to ethylamine find application in the synthesis of theanine. Three enzymes, glutamine synthetases (EC 6.3.1.2), glutaminases (EC 3.5.1.2), and γ-glutamyl transpeptidases (EC 2.3.2.2) have been investigated. Theanine biosynthesis in microorganisms is a topic not covered in this current review; interested readers are referred to the reviews [6, 7] and the recent paper [69] .
Conclusions and perspectives
Theanine is a non-protein amino acid that accumulates in tea plants. This is one of the most important components affecting the taste of green tea. Many practical investigations have been carried out, especially in tea-producing countries such as Japan and China. Theanine biosynthesis, translocation and degradation are interesting phenomena for plant physiologists. Current evidence indicates that theanine is synthesised mainly in roots where it is stored temporally in the winter season. It is translocated into young shoots in spring. Theanine in leaves is degraded to ethylamine and glutamic acid ( Figure 5 ). The ethylamine is predominantly used for catechin synthesis in leaves. The major control mechanism of theanine synthesis is the NH 4 -N concentration, while degradation of theanine is controlled by light intensity. Although theanine synthetase has been shown in partially purified enzyme preparation and its genes have been patented, it is still unclear if this enzyme is distinct from glutamine synthetase. Basic problems, such as subcellular localization of theanine synthesis and storage, and details of pathways for the conversion of theanine to catechins are still unknown. To produce theanine-rich tea leaves, large quantities of fertiliser need to be applied to cultivated tea and this causes nitrate pollution and acidification of the plantation soil [70] . If the mechanism of theanine synthesis is clearly resolved, more effective methods to increase theanine content will be forthcoming.
